Abstract. The effects of food availability on the daily feeding pattern of planktonic copepods was studied for two species: Acartia grani (cultured and wild specimens) and Centropages typicus (wild specimens). Both species showed clear diel feeding rhythms at high food concentrations, with significantly higher clearance rates during night hours. However, at limiting food conditions, while C.typicus maintained its daily feeding pattern, A.grani fed continuously, with similar day and night clearance rates. These results could be explained in relation to differences in predation risks and probability of experiencing starvation episodes in their respective habitats, as well as their capacity for dampening food fluctuations. On the other hand, the maintenance (although with less intensity) of the diel feeding rhythm in A.grani, when cultured in the laboratory for long periods of time (>10 generations) and in the absence of predators, suggests the importance of the endogenous control of copepod feeding patterns.
Marine zooplankters, and especially copepods, are classically considered to feed in a characteristic day-night cycle, usually coupled with daily rhythms of vertical migration [see the review by Haney (1988) ]. However, besides the so-called normal feeding pattern (i.e. higher ingestion rates at night; Fuller, 1937; Petipa, 1958; Dagg and Grill, 1980; Saito and Taguchi, 1996) , there are abundant observations in which feeding rhythms are not evident (Dagg, 1985; Dagg and Walser, 1987) , or even the normal pattern is reversed (Dagg, 1985; Daro, 1985; Kiørboe et al., 1985; Roman et al., 1988) .
The reasons for such behavior have been thoroughly discussed, and although the existence of an endogenous component was proposed (Duval and Geen, 1976) , external factors like food availability (Huntley and Brooks, 1982) and risk of predation (Bollens and Frost, 1989; Bollens and Stearns, 1992; Bollens et al., 1994) have recently been considered as potential triggering components of copepod diel feeding rhythms.
Feeding implies higher motility and consequently higher probability of encounter rates (Gerritsen and Strickler, 1977) , and also increases the risk of predation by the creation of hydrodynamic signals which can be detected by carnivorous consumers (Tiselius et al., 1996) . When food is scarce, zooplankters must spend more time searching for food. When motility increases, so does conspicuousness and predation risk (Piontkovskii and Petipa, 1976; Tiselius, 1992; Saiz, 1994) . By the above reasoning, when food is limited, there is a balance between the necessity of feeding continuously to obtain the minimum food requirements and the risk of being predated.
Although field work has demonstrated a significant role of changes in food availability in the control of the diel feeding pattern and vertical migrations of copepods (Huntley and Brooks, 1982; Dagg, 1985) , the few attempts made in the laboratory have failed to show any effect (Durbin et al., 1990; Hassett and BladesEckelbarger, 1995) , and diel rhythms persisted in spite of the absence of predators. Here we present a study on the effects of food abundance in the diel feeding pattern of two marine planktonic copepods: Acartia grani and Centropages typicus. Both species have been chosen due to the different trophic and predatory conditions prevailing in their respective habitats. The study was also conducted with A.grani cultured in the laboratory in order to characterize the importance of the endogenous component of daily feeding rhythms.
Acartia grani is typical of highly turbid semi-enclosed systems (harbors, estuaries and coastal lagoons), in which food is rarely limiting. Centropages typicus is a more ubiquitous species, usually an inhabitant of open waters in which food concentration is highly variable and more scarce. Laboratory-reared specimens of A.grani correspond to a culture maintained in the laboratory for >10 generations under saturating food and the experimental conditions described below. Wild copepods were collected either inside (A.grani) or offshore (C.typicus) of Masnou harbor, 20 km north of Barcelona, by low-speed (<2 knots) horizontal tows, using a 200-µm-mesh Juday-Bogorov plankton net provided with 5-10 l plastic bags as cod-ends. Samples were quickly transported in 10 l temperatureisolated plastic carboys to the laboratory. Females of A.grani and C.typicus were sorted under a stereomicroscope, and climatized during 2 days at the experimental food and environmental conditions:
Light: 12:12 h dark/light (D/L) cycle for cultured copepods and the same light cycle experienced in the field at the time that the experiments were conducted for wild animals. These were 13:11 D/L h for A.grani and 15:9 D/L h for C.typicus. Light intensity was 35-100 µE m -2 s -1 .
Temperature: 19 ± 1.5°C. Laboratory-cultured A.grani were also climatized for 2 days to the experimental conditions described above. The food concentrations were chosen in order to simulate two extreme trophic conditions. The first one, hereafter 'low' food (0.3 and 0.4 p.p.m.), was well below the feeding saturation concentration, but not low enough to depress the clearance rates. The second, hereafter 'high' food (2.5 and 4 p.p.m.), was close to the feeding saturation level, which is ~1.5 p.p.m. T.weissflogii for A.grani (Saiz et al., 1992) and ~4 p.p.m. for C.typicus (Smith and Lane, 1985) . For each species, 10-25 females, depending on the experiment, were placed in 1200 ml screw-cap Pyrex bottles filled with the corresponding algal suspension plus nutrients (5 ml f/2 medium l -1 ) and incubated on a slow rotating Ferris wheel (0.2 r.p.m.). The concentration of copepods in the experimental flasks was calculated so that the effects of ingestion were clearly observable after short (~12 h) incubations. Each treatment consisted of 4-5 replicates with copepods and 4-5 controls to quantify the growth rates of the respective algal suspension.
Experiments started at the beginning of the dark period. After 12-15 h of incubation, the contents of the bottles were gently filtered through a 180 µm submerged sieve. The algal concentrations in experimental and control flasks were then determined by means of a Multisizer Coulter Counter. The experimental copepods were carefully checked, and those specimens suspected to be in poor condition were removed from the incubation. The remaining individuals were transferred to a new algal suspension for the second 9-12 h (light period) incubation, and the process repeated. Clearance rates were calculated according to the equations provided by Frost (1972) .
Under 'high' food conditions, the feeding pattern of the experimental species was similar (Figure 1) , with significantly higher clearance rates during the night (P < 0.05, one-way ANOVA). At 'low' food, there were no statistically significant differences between nocturnal and diurnal clearance rates of A.grani, although diurnal rates were slightly higher. On the contrary, C.typicus presented the opposite behavior by also retaining a higher nocturnal feeding rate at low food conditions (Figure 1) .
The intensity or amplitude of diel feeding rhythms, as estimated by the quotient night/day clearance rates (N/D; Figure 2 ), was higher for C.typicus, with values around two and no statistically significant differences between 'low' and 'high' food. In the case of wild A.grani, the N/D quotient at 'high' food was 1.6, and decreased to 1.2 in the case of laboratory-reared organisms.
In general, the amplitudes of the diel feeding rhythms, as obtained from the N/D clearance rates, are lower than those given for other congeneric species like Acartia tonsa (3.5, Stearns, 1986; 3, Durbin et al., 1990) . However, our data correspond to integrated nocturnal and diurnal average clearance rates, while the mentioned literature values correspond to the ratios between maximum rates obtained along a daily cycle. In fact, when the average night and day values from the literature are calculated, the results are similar to our ratios (N/D ~ 1.6). The higher average values obtained with A.tonsa in field experiments (N/D = 2.8; Stearns et al., 1989) suggest that the absence of predators in laboratory experiments is probably the reason for the lower amplitude in the diel feeding rhythms.
The persistence of day-night feeding rhythms in animals reared in the laboratory for long periods of time (>10 generations), under constant 'ad libitum' food concentration and in the absence of predators, confirms the importance of endogenous components in the daily feeding pattern of copepods. However, if compared to wild specimens, the feeding rhythms seem to have lost intensity after the successive generations, which indicates that there are superimposed external factors (i.e. predators) which may modify the amplitude of the rhythm (Bollens and Stearns, 1992) . The persistence of a diel feeding rhythm in C.typicus, even under 'low' food, is indicative of the strong influence of the adaptative response to avoid predators through a decrease in the feeding activity during daylight hours (Durbin et al., 1990; Hasset and Blades-Eckelbarger, 1995) . On the contrary, A.grani maintained its daylight feeding rates under 'low' food similar to the nocturnal ones.
The behavioral differences in the daily feeding pattern of both species could thus be a consequence of the relative importance of two factors: (i) their capacity to dampen food scarcity (different metabolic demands); (ii) the intensity and modality of predation (i.e. controlled by visual, chemo-or mechanoreception) in their respective habitats.
Centropages typicus and a congeneric species of A.grani (A.tonsa) have equivalent capacity to resist food limitation (Dagg, 1977) . In addition, A.tonsa presents diel feeding rhythms even at low food concentrations (Durbin et al., 1990; Hassett and Blades-Eckelbarger, 1995) . However, at similar limiting food conditions (12 h of starvation alternating with 12 h of high food), A.grani showed a reduction 1.5-fold greater than A.tonsa in its egg production rates versus a continuous supply of food (Dagg, 1977; Calbet and Alcaraz, 1996) , indicating a lower ability of A.grani to withstand adverse food conditions. This fact could explain the differences found in the experiments and between our data and previous work with A.tonsa (Durbin et al., 1990; Hasset and Blades-Eckelbarger, 1995) , and also help us understand the almost exclusive location of this copepod: semi-enclosed areas were food availability is rarely a limiting factor (Alcaraz, 1983; Alcaraz, 1996, 1997) .
Regarding the risk of predation, although the predators' abundance in semienclosed and open areas may be similar, the high turbidity usually associated with enclosed areas would diminish the efficacy of visual predators (Vinyard and O'Brien, 1976) . So, species like A.grani, with a lower threat of predation, could satisfy their nutritional demands when food is scarce by keeping their clearance rates at high levels. On the contrary, an ubiquitous species like C.typicus must reduce diurnal grazing rates at poor food conditions, presenting a more individual conservative response.
Further research regarding the relative importance of the external and internal components of copepod feeding rhythms will be of prime importance, surely contributing to improve the predictability of plankton production models. 
